Laboratory incubations of four broiler litter (BL) samples at 30°C were performed to investigate the effect of water content on the decay of uric acid nitrogen (UAN) and xanthine nitrogen (XN). UAN and XN concentrations increased in all samples during a period of 1 to 8 d before declining for the remaining 30 d. The increases may be the result of guanine and adenine catabolism. The slopes of linear equations fit to the natural log of the observations from 16 sampling points over 38 d were compared using the GLM procedure in SAS and results indicate that both UAN and XN decay significantly (p = 0.05) more rapidly with increasing water content (q). A second study showed significant effects in one of three samples on the decay rate of UAN with additions of fluegas desulfurization (FGD) gypsum or alum at a water content of 750 g kg -1 BL. The decay rate of XN was not significantly affected. Finally, a simple two-point sampling study on the effect of water potential for the estimation of first order rate equation constants showed a positive relationship between the rate of UAN and XN decay over 28 d as a function of water potential (y): UAN 28days = 0.0054 × y + 0.1010 (r 2 = 0.9987) and XN 28days = 0.0066 × y + 0.1101 (r 2 = 0.9285). This is the first study of UAN and XN decay in BL and the findings add to our understanding of mineralizable N from BL.
Abstract
Laboratory incubations of four broiler litter (BL) samples at 30°C were performed to investigate the effect of water content on the decay of uric acid nitrogen (UAN) and xanthine nitrogen (XN). UAN and XN concentrations increased in all samples during a period of 1 to 8 d before declining for the remaining 30 d. The increases may be the result of guanine and adenine catabolism. The slopes of linear equations fit to the natural log of the observations from 16 sampling points over 38 d were compared using the GLM procedure in SAS and results indicate that both UAN and XN decay significantly (p = 0.05) more rapidly with increasing water content (q). A second study showed significant effects in one of three samples on the decay rate of UAN with additions of fluegas desulfurization (FGD) gypsum or alum at a water content of 750 g kg -1 BL. The decay rate of XN was not significantly affected. Finally, a simple two-point sampling study on the effect of water potential for the estimation of first order rate equation constants showed a positive relationship between the rate of UAN and XN decay over 28 d as a function of water potential (y): UAN 28days = 0.0054 × y + 0.1010 (r 2 = 0.9987) and XN 28days = 0.0066 × y + 0.1101 (r 2 = 0.9285). This is the first study of UAN and XN decay in BL and the findings add to our understanding of mineralizable N from BL.
Nitrogen in Stored Poultry Litter: Uric Acid and Xanthine Jake Mowrer,* Miguel Cabrera, Todd Rasmussen, and Kate Cassity-Duffey B roiler litter (BL) from poultry houses is an important source of nitrogen (N) for crop and pasture production (Mitchell and Tu, 2005; Bolan et al., 2010; Dunkley et al., 2011) . Broiler litter is composed mainly of avian fecal matter, bedding material (e.g., pine shavings, sawdust, and peanut hulls), feathers, and wasted feed. It can supply ammonium and nitrate, the mineral forms of N, which are immediately available for plant uptake. Broiler litter also contains a substantial reservoir of organic N, some of which will potentially mineralize to release N during the crop or pasture growing season (Bitzer and Sims, 1988; Sistani et al., 2008; Ruiz-Diaz et al., 2008 , Ruiz-Diaz et al., 2012 . Mineralization, or ammonification, of organic N occurs as carbon bonds in complex molecules are sequentially hydrolyzed until ultimately ammonia is liberated (Schulten and Schnitzer, 1998) .
The N in fresh avian feces is composed of approximately 70% uric acid and 30% undigested protein (Groot Koerkamp, 1994) . Uric acid is the final product in the degradation of the purine nucleotide guanine through the intermediate compound xanthine (Yuan et al., 1999) . Its formation from the deamination of the nucleoside adenosine through the intermediate compounds inosine, hypoxanthine, and xanthine has also been described (Xi et al., 2000) . The initial forms of N present in the feces (uric acid and proteins) begin a process of chemical transformation from the moment of deposition. The enzymes responsible are produced by animals, plants, bacteria, and fungi and are prevalent in nature (Vogels and van der Drift, 1976; Hayashi et al., 2000; Berg and Jørgensen, 2006) . Uric acid in BL will be mineralized relatively rapidly through the compounds allantoin, allantoic acid, ureidoglycolate, and urea to ammonia (Vogels and van der Drift, 1976, Carlile, 1984) (Fig. 1) . However, details concerning the optimum range of temperature and water content in BL are not available in the current literature on the subject. Ammonia from BL may be further oxidized to nitrite and nitrate via the nitrification pathway (Pote et al., 2003) . Alternatively, it may be released from BL and enter the atmosphere through volatilization. Loss of ammonia through volatilization represents a reduction in the economic value of litter as a source of fertilizer N (Marshall et al., 1998) .
Broiler litter is frequently collected from production facilities and stockpiled or otherwise stored for some period of time before land application. During storage, as in composting, organic and mineral N forms continue to change (Hartz et al., 2000; Preusch et al., 2002) . As mineralization proceeds, more N may volatilize while some organic N may be transformed into compounds that are less easily hydrolyzed and therefore resist mineralization (Gordillo and Cabrera, 1997; Schulten and Schnitzer, 1998) . The resulting material contains a supply of plant-available N and mineralizable N (MN) that continue to decrease with time. The initial uric acid and total mineralized organic N composition of poultry litter and manure collected fresh from production facilities are reported by Gordillo and Cabrera (1997) , Qafoku et al. (2001), and Ruiz-Diaz et al. (2008) . Composted BL or manure has been found to contain less total N, uric acid N (UAN), and MN as compared with fresh BL (Tyson and Cabrera, 1993; Hartz et al., 2000; Preusch et al., 2002; Fujiwara and Murakami, 2007) . However, little is known about the specific chemical changes that occur with time in BL that is stockpiled or otherwise stored without formal composting with respect to most of the compounds indicated in Fig. 1 . Rothrock et al. (2010) measured uric acid in a single incubated BL sample treated with poultry litter chemical amendments at 0, 2, 4, and 6 wk. The amendments used were commercially available materials containing alum, NaHSO 4 , or H 2 SO 4 , which are intended to reduce ammonia volatilization through a reduction in litter pH. Initial uric acid concentrations in the samples used in this study ranged from 1.3 to 1.6 g UAN kg -1 BL (dry wt. basis). These authors reported a decline in UAN in all treatments incubated at 25°C over the 6-wk period with final concentrations ranging from 0.03 to 0.47 g kg -1 BL. Bao et al. (2008) measured allantoin-N concentrations in six composted poultry, swine, and dairy manures at 0, 1, 2, 4, 6, 8, and 10 wk. Initial allantoin-N in two poultry manures was 8.77 and 11.14 g kg -1 and declined to 5.5 and 6.6 g kg -1
, respectively. The study performed by Bao et al. (2008) suggests that allantoin-N in fresh poultry manure may average close to 30% of the total N. Uric acid N may average 10 and 20% of the total N in stored and fresh BL respectively (Gordillo and Cabrera, 1997; Mowrer et al., 2013) . As a hydrolyzable precursor to uric acid formation, xanthine may be of some importance in the mineralization of organic N from BL. However, we could find no data in the existing literature on relative xanthine-N (XN) concentrations in BL.
Our early attempts to measure UAN in BL revealed that XN was also present in measureable amounts. We are aware of no study that has examined the decay patterns of xanthine and uric acid in multiple BL samples with time. Therefore, we sought to investigate the changes in UAN and XN concentrations in samples of BL with varied chemical composition over time. Because water content (q) is a highly variable field condition in stored litters, we chose to study these changes in the context of variable q. A second study was performed to investigate what effect additions of two common BL chemical amendments, alum and gypsum, may have on the decay patterns of these two compounds. Finally, we investigated the potential development of a predictor of UAN and XN decay in BL as a function of water potential (y). The activity of microorganisms is more closely associated with y than q (based on mass) as different materials exert different physical forces on the overall water potential (Harris, 1981) . We hypothesized that increasing the presence of water in BL would result in observable increases in the rate of change of both UAN and XN, and that the results may be of some value to those studying the mineralization of organic N from BL and other animal wastes.
Materials and Methods:

Chemicals
Standards for uric acid (98%) and xanthine (98%) were purchased from Acros Organics (Thermo Fisher Scientific). Flue gas desulfurization (FGD) gypsum was obtained from a power plant in Indiana, U.S. Alum (aluminum sulfate) standard ground was obtained from Delta Chemical Corporation.
Broiler Litter
Broiler litter samples were obtained from routine submissions to the University of Georgia Soil Plant and Water Laboratory (Athens, GA.). The samples were ground for approximately 30 s to roughly homogenize using a spice grinder (Asia Kitchen Machine, Sumeet Centre Inc.). The purpose of this step was to reduce the amount of larger pieces of caked material without destroying the contiguity of the bedding material. Following this step, the BL samples were passed through a 5-mm screen.
Litter Analysis
Unless otherwise specified, all data represent the mean value of duplicate measurements (n = 2). Broiler litter pH was measured using a standard bench top pH meter in a 1:5 stirred suspension of BL to deionized water. Specific conductance was measured using an electrical conductivity probe inserted into a stirred suspension of 1 g BL in 100 mL deionized water. Total N was measured by combustion (Nelson and Sommers, 1982 ) on a LECO Trumac instrument (LECO Corporation). Inductively coupled argon plasma-atomic emission spectrometry) (ARCOS EOP, Spectro Analytical) was used to measure K, Al, Ca, S, Cu, Zn, Na, and Cl by USEPA Method 6010C (USEPA, 2007) following closedvessel, microwave-assisted digestion (MarsExpress, CEM) of 0.25 g BL (as-is weight) in 10 mL concentrated HNO 3 brought to a final volume of 100 mL with deionized water according to USEPA Method 3052 (USEPA, 1996) . Uric acid and xanthine from BL were extracted and analyzed by the method of Mowrer et al. (2013) . The equivalent of 2 g BL (dry wt.) was extracted with 500 mL of 0.1 mol L -1 sodium acetate trihydrate (Thermo Fisher Scientific) in a 60°C water bath for 2 h and filtered into a 1.8-mL target vial using a 0.45-mm polystyrene filter fitted to a Luer tip syringe. Separation was achieved by use of the ODS-2 hypersyl column (Thermo Fisher Scientific) as solid phase and 0.1 mol L -1 potassium phosphate monobasic (Thermo Fisher Scientific) as mobile phase at a flow rate of 1 mL min -1
. Sample injection volume was 20 mL. Detection of the analytes was made at a wavelength of 200 nm using the Agilent 1260 Infinity series HPLC analyzer with ultraviolet-visible detection capability (Agilent Technologies).
Water potential was measured using the WP4C Dewpoint Potentiometer (Decagon Devices Inc.). For that purpose, 10 g of BL (dry wt.) was weighed into a 1-L plastic resealable bag. One sample was retained at initial or native q. The remaining samples were adjusted to several q values in the range of 600 to 2000 g kg -1 BL and placed in a refrigerator (<4.0°C) to equilibrate for at least 24 h. Approximately 2 g BL was placed in sampling cup for each q and y and measured in replicates of three. Water content was determined by placing 5 to 10 g BL in an oven at 65°C for 48 h and expressed as g kg -1 BL on a dry wt. basis. All other concentrations are also expressed on a dry weight basis throughout. The relationship between water potential and water content was described with the following power equation:
where a is a multiplicative term and q is raised to the power b. This equation allows rapid estimation of y at any mass:mass ratio of water to BL. Water potential curve equation (Eq.
[1]) parameters were calculated using the NLS procedure for nonlinear least squares in the open source statistical analysis software R (R Development Core Team, 2013).
Water Content Study
Four BL samples of differing chemical composition were incubated at 30°C for 45 d at three q (native [or as-received] q, 600 g kg -1 BL, and 750 g kg -1 BL on a dry wt. basis) in 500-mL widemouth, screw-cap plastic bottles. The temperature of incubation was chosen to be low enough to avoid thermal sterilization of microorganisms, but sufficient to encourage population growth and enzymatic activity. Duplicate subsamples were taken at 0, 1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 16, 18, 27, 34 , and 38 d. Each bottle was aerated at intervals not exceeding 48 h by removing the lid for 1 min in a ventilation hood. This served to prevent inhibition of aerobic respiration by reoxygenating the headspace in the bottles and by removing excess accumulation of CO 2 .
Changes in substrate concentration with time were modeled by fitting a linear equation of the type y = mx + b to the natural log of the UAN and XN measurements at each time point (Eq.
where C 0 is the initial concentration, C is the concentration at time = t, and k is slope. This equation is mathematically related to the first-order chemical rate equation (Eq. [3] .) used by Bao et al. (2008) to compare differences between samples:
Our approach has several advantages over that of Bao et al. (2008) . Linear slopes representing decay rates can be related to the first-order rate equation if so desired, yet no assumptions are required concerning the reaction mechanisms. Logarithmic transformation of such data reduces potential heteroscedasticity that can contribute to error in both model parameter estimation and in drawing conclusions from data analysis (PetersenØverleir, 2004) . Finally, equation parameters for linear models can be easily compared for statistically significant differences between treatments. Following natural log transformation of the measurements for UAN and XN in this study, data were analyzed using the REG and GLM procedures using the SAS software (SAS Institute, 2014) . Results for slope estimation and standard error were reported at a significance level of p = 0.05.
Chemical Amendment Study
Flue-gas desulfurization gypsum and alum were added at a rate of 100 g and 200 g kg , respectively, to three of the above BL samples adjusted to q = 750 g kg -1 BL (dry wt.). Samples were incubated at 30°C, aerated and subsampled as above at 0, 3, 6, 9, 13, 15, and 19 d. The results of this experiment were compared against the same sample incubated at q = 750 g kg
in the previous study as a control. Sampling dates were as closely matched as possible for this comparison. Data for the control samples were analyzed at 0, 3, 6, 9, 12, 16, and 18 d. Observations for all other time points were omitted for the purpose of this study. As in the previous study, measurements were transformed by taking the natural log and data were analyzed using the REG and GLM procedures using the SAS software (SAS Institute, 2014) . Results for slope estimation and standard error were reported.
Water Potential (28-d) Study
Two grams (dry wt. equivalent) from 10 BL samples of differing chemical composition were incubated in duplicate for 28 d in 125-mL plastic bottles adjusted to the water potentials at -5, -7, -9, -11, and -13 MPa. Each bottle was aerated at intervals not exceeding 48 h for the entire period and destructively sampled at the end of 28 d for the analysis of UAN and XN. Slopes (k) representing the decay of UAN and XN for each treatment between the two time points (0 and 28 d) were calculated from Eq. [2]. Linear regression was used via the REG procedure in the SAS software (SAS Institute, 2014) 
Results and Discussion
Water Content Study
Selected chemical properties of the BL samples used are provided in Table 1 , and parameters for the equation describing water potential as a function of water content are shown in Table 2 . Initial UAN contents in the samples were 2064, 2630, 1633, and 556 mg kg -1 BL (dry wt.) for samples 1, 2, 3, and 4, respectively. These concentrations are in the range reported previously (Qafoku et al., 2001; Rothrock et al., 2010 , Mowrer et al., 2013 . Over 38 d, UAN in these four litters was observed to follow a general pattern marked by an initial increase in UAN ). 0  2064  2064  2064  2630  2630  2630  1633  1633  1633  556  556  556   1  2383  2174  2168  2926  3982  2681  1687  1901  1706  323  527  503   2  2323  2634  2406  3522  5208  2607  2175  1101  2105  459  416  482   3  2278  2469  2191  4944  5284  5045  1425  1600  1600  633  832  580   5  2060  2391  2212  6402  3438  4071  1793  1603  1273  406  1109  395   6  3091  2234  4883  6198  3865  3812  1829  1806  1664  466  450  36   7  2180  2620  4515  5699  3580  2791  1919  1768  1622  655  859  146   8  2332  2053  4255  5953  3423  2707  1020  2311  1307  457  630  114   9  1314  1513  1831  4980  2496  2284  1404  1242  1076  544  715  128   10  1505  1460  1830  4553  3058  946  1507  708  484  610  500  14   12  1488  1262  1632  4539  2196  1505  1504  591  278  495  789  110   16  2356  1420  2774  4005  1565  1301  1045  528  217  406  681  7   18  1593  1376  2277  4836  1826  1414  1004  219  80  406  554  71   27  1190  1696  2007  4474  1173  972  1875  322  114  442  119  64   34  2269  720  1896  3408  1001  883  1556  243  58  474  79  40  38  2115  773  2300  2010  837  970  841  162  24  426  65  42 between 1 and 8 d of incubation followed by a decline in concentration over the remaining time period (Table 3) . Averaging the measured concentrations for all three treatments in all four samples at each sampling time shows a substantial increase in during this time period (Fig. 2) . The maximum average increase of UAN in the samples studied was 1808 mg kg -1 BL (dry wt.), occurring on Day 6. Rothrock et al. (2010) and Bao et al. (2008) also observed measurable increases in uric acid from litter and allantoin from manure respectively during incubation. In our study, we sampled more frequently than in previous work and so captured a more detailed pattern of fluctuation occurring in the concentration of UAN with time. This result, unexpected and previously undescribed, suggests a robust microecology of bacterial and fungal organisms rapidly equilibrating populations to the conditions of water and temperature set for the incubation treatments. It is impossible from the results to deduce the source of the N responsible for increases in the UAN pool. It is proposed here that these increases are confined to one of two processes: catabolism of existing unmeasured guanine and adenine or incorporation of previously mineralized N into nucleic material. In either case, the idea that uric acid in BL represents an inceptive pool of N that only undergoes decay is challenged by the observations in this study. Uric acid represents reactant and product (Fig. 1) . These results suggest that substantial temporary increases in UAN in BL may occur during storage when sufficient water is present.
Xanthine N from the BL samples extracted and measured simultaneously with UAN followed the same general pattern of initial increase followed by decline (Table 4 ; Fig. 2 ). The maximum increase in XN was 68 mg kg -1 BL (dry wt.) on Day 3. However, XN concentrations were much lower than UAN in all treatments at all sampling periods. Initial XN in Samples 1 through 4 was 632, 339, 212, and 89 mg kg -1 BL (dry wt.). Initial UAN:XN ratios for the samples, in the same order, were 3.3:1, 7.8:1, 7.7:1 and 6.3:1. Final UAN:XN ratios (where XN was measurable) ranged from 11:1 to 83:1, suggesting that xanthine is more readily catabolized in BL than uric acid regardless of water content.
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Observations of substantial relative average increases in both UAN (1808 mg kg -1 BL) and XN (68 mg kg -1 BL) during the first week suggest the possible presence of guanine and or adenine in similar concentrations. These compounds have been identified as precursors to uric acid and xanthine by Xi et al. (2000) and Yuan et al. (1999) , and therefore may warrant further investigation as their concentrations in BL have not been previously measured. The results of this study also indicate that XN decays more rapidly than UAN over 38 d. Patterns of decay in the observations (Tables 3, 4) show that XN is more nearly depleted during this time period than UAN. Uric acid in the BL samples we studied persisted for longer periods of time at higher concentrations than xanthine in all samples at all q levels.
Chemical Amendment Study
Flue-gas desulfurization gypsum-and alum-amended litters were incubated to study the effect of these common chemical amendments on the pattern of UAN and XN decay in stored BL. Changes in the pH of BL following additions of FGD gypsum were less than those following additions of alum as demonstrated in Fig. 3 . Water contents were adjusted to 750 g H 2 O kg -1 BL, as this was the treatment that generally exhibited the greatest rates of decay for UAN and XN. We chose to investigate BL Samples 2, 3, and 4 BL q due to the anomalous results observed in BL Sample 1 in the 750 g H 2 O kg -1 treatment. Results for the decay of UAN and (q), water potential (y) , results for slope estimates (k), and associated standard errors from linear regression of the type ln(C) = ln(C 0 ) − kt for uric acid nitrogen (UAN) and xanthine nitrogen (XN) decay in four incubated broiler litters (BL) adjusted to three water contents. XN in amended litters are presented in Table 6 and Table 7 , respectively. Slopes for UAN and XN decay from Eq.
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BL increased the rate of UAN decay while addition of alum at 200 g kg -1 BL decreased the rate of UAN decay. Additions of chemical amendments were not found to have significant effect on the rate of XN decay in any of the samples used in this study.
Water Potential Study
We chose to explore the effect of water content on UAN and XN decay in BL in a simpler fashion based on the observations of the change in UAN and XN in the water content study. A study was conducted on 10 BL samples adjusted to five water potentials between -13 and -5 MPa. Water potential, rather than water content by mass, is often more closely related to microbial and enzymatic activity. Initial UAN concentrations ranged from 696 to 2643 mg kg -1 BL (dry wt.) with a mean value of 2119 mg kg -1 BL and initial XN concentrations ranged from 67 to 298 mg kg -1 BL (mean = 162 mg kg -1 BL). First-order rate constants calculated from two time points (t 1 = 0 d; t 2 = 28 d) tell us little about the rapid fluctuations occurring in the first 2 wk but do provide insight on the overall decay rates for UAN and XN in BL that can be expected after approximately 1 mo of storage under a reasonable range of water potentials for BL stored under field conditions. Furthermore, the rate constants are based simply on a ratio of initial to final concentrations. The 2-point k values for each litter at each water potential are shown in Table 9 . For three of the samples, XN was not detected in any of the treatments at 28 d and was presumed to have decayed to a concentration below the analytical detection limit 5 mg kg -1 . No k value was calculated for these samples. In a fourth BL sample used in this study, XN in one of the treatments was not detected at the end of the study. For this sample, the slope of the change in 2-point k values was truncated to the remaining four treatments. The average 2-point first order decay constants for UAN and XN from ten different BL samples incubated at 30°C for 28 d, when plotted against water potential, exhibit a positive relationship (Fig. 4, 5) . Linear regression equations for the relationship between these constants and water potential are: k UAN = 0.0054(MPa) + 0.101 (r 2 = 0.9987); and k XN = 0.0066(MPa) + 0.1101 (r 2 = 0.9285). Though these relationships are very strong, the standard deviation for the mean 2-point k value at each water potential is relatively high. However, there are relationships between the UAN and XN 2-point k values and water potential for each individual sample in this study, supporting the idea that decay rates are positively related to water potential.
Conclusions
This is the first study to report on simultaneous observations on the decay of UAN and XN from BL. We observed substantial average increases over initial concentrations of both UAN and XN from BL during the first 8 d of incubation for the samples in this study. The increases may be the result of catabolism of the nucleic bases guanine and adenine. Therefore, further study of these compounds in BL is recommended. After this initial increase, both UAN and XN concentrations continued to decline for the remainder of the study. Our results indicate that rates of decay of both UAN and XN from BL increase with increasing water potential; and that XN decays more rapidly than UAN. We also found that FGD gypsum and alum, common chemical amendments used to prevent ammonia volatilization and phosphorus runoff from BL, have no significant effect on the pattern of UAN and XN decay when added at 100 g or 200 g kg -1 BL. Finally, we have shown that there exists a potential for a predictive index for the decay of these important Table 9 . Two-point, first-order rate constants for the decay of uric acid nitrogen (UAN) and xanthine nitrogen (XN) and their means for 10 broiler litter (BL) samples adjusted to five water potentials (y). C 0 = initial concentration. Slope = slope of linear regression (k y = slope[y] + intercept). r 2 = correlation coefficient for linear regression. N compounds in BL as a function of water potential during 1 mo of storage. These findings should be of interest to those studying the release of plant-available N from BL. 
